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Abstract

A brief survey of the major techniques of raindrop size
sampling is given. The filter paper technique, finally
adopted for use in this study, adapts itself admirably to
the sampling of Hawaiian orogrsphic rains.

The change in the drop size distribution of rain as ic
falls from cloud to ground may be considerable. It is eifectied
oy Wwind shear, gravity separation, evaporation end dron col-
lision. <ue evaporation error alone can be appreciable, The
rnany small drops of the Hawailian orographic reins may com-
pletely evaporate in a sub-cloud fall of only 100C meters. The
evaporation prcblem wes eliminated and the others minimiged by
sampling all the orographic ral!n at cloud base or within the
cioud itsslf,

Drop slze distributions were obtained in such non-oro-
graphic rains as thunderstorms and cyclonic storms., The per-
tinent meteorological factors such’as liquid water content ¥,
median drop diemeter, and redar reflectivity Z agree rea-
sonably well with the values given by other investigators.

The measurements made in orographic rains, however, lead
to considerably lower values of these factors, The raindrop ,
distributions are narrow with the largest drops rarely exceed-
ing 2 mm, diameter.

Concentrations_of drops £ 0,5 inm diemeter cften are in
sxcess of 0,000 m-3, These large numbers of small drops give
low values for median cdrop diameter anda radar reflectivity but
high values of liquid water content,

Variacions in these parameters were found to exist et the
same location over e period of several days. DUifferences were
founi in a single cloud system by sampling at daifferent ele-
vations within the cloud,
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i. Introduction

"Cur knowledge in regard to ihe mechanism of r&in
formation, 1.s., the precise manner in which ths
nucleus ol eacn ralndrcp 1s organized and the
method by which the agueous materigl is added to
the nucleus dvring its growth, sc “hat eventually
raeindrops of ccnsiderable size are produced, has
hitherto been very unsacisfactory. Equally so 1is
our kncwledge of the actual altitudes within the
clouds at which various rainfells originate, the
relative guantities of rein precivitated from dif-
forent clouds and storms, the dimensions of ths
individuel reincrops, and their varisticn in cif-
Ierent storms and in different segments of the
same storm," :

These words are from the opening peragreph of s paper
written at the turn ol the century by Wilson A, EBentley (1904),
one of America's first erpérimental meteornlogists., bBentley's
romaxrks on the state of knovliedge of the fundemental processes
of the formation cf rein are, in meny ceses, nearly as appli-
cable todey as they were filty years ego. Indeed, 1t was only
recently that the impetus was received for extensive lnvesctiga-
ticns on tne goneral subject of the formation of rain and snow
(Schaefer, 1946).

In Qctober 1951, che writer and Mr, A, H., Woodcock, both
from the wecods Hole Oceanographic Institution, went to the
Hawailen Islands tco begin a ten month study with the Meteoro-
logy Department, Pineapple Fesearch Institute and Hawsilen
Sugar Planters Association, The study was almed tcward e Letter
taaerstanding of the basic mechaniam of warm cloud rein, It 1s
believed that largze sait particles ol marine origin form the
nuclei from which reindrops develop, r'irst by condensation &nd
later by accreticn {Woodccck, 1952?. To further test this
hypothesis, three separate programs of study were carried out;
(1) Measurements were made <f the air-borne csalt particle dle-
tribution at ground, sum-cloud, end cloud level; (2) The varia-
tion of reinwater chloride content vs, intensity was studled;
(3) The raindrop siee distributions at various points within
tne cloud were obteined. The stuaies made in connection with
this third program are che sourcs of data ror this paper.

One of tho earliest papers on ralndrop size described
observations cf splash pattern cn slates {(Lowe, 1892)., At
abcut this time the idea of exgosing chemically treated filter
paper to the rein was suggested, but it remained for Wiesner
(1395) to publish the rirst detelled results, A novel and new
appreach to raindrop size maasuremsnts wes achieved with the
flour technique (Bentley, 1904). The reindrops, cn feliing
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into a flour filled container, produced hard dough pellets
whose sigze wes e function of the dlameter of the original rain-
drops. This method Las subsequently been used by several in-
vestigators (Laws and Parsons, 1943; Chapman, 1948; Blanchard,
194%a). An account of European investigations of raindrop size
and accompanying instrumentation prior to 1942 can be fcund in
an excellent survey paper by Neuberger (19.2).

In an effort to develop & drop size measuring technigue
which would eliminate the splashing and spreading of the large
drops on contact with the sampling surface, the writer (Blanchard,
1949b) experimented with soot~coated 100 and 50 mesh birass
screens, Heindrops, in passing through the screen, removed a
circular area of soot whose diameter wes a function of drop size.
This method was considseresbly improvea when nylon screens were
substituted for wire screens (Mt, Washington Observatory, 195la).
The nylon screens were treated with a benzin-lanolin solution
and then ccvered with powdered sugar. In this manner some excel-
lent raindrop samples have been obtalned, Mr, A. li. woodcock
recently attempted to use these screens from alrcraft flying at
speeds of 60-80 mpn, wWith low speeds and low reletive humidities
a drop size distribution can be obttained but in the high humi-
dity region near cloud base end within the rain area the hyaro-
acopic sugar particles absorb wster end render the screen use-
less. It would appear, from some brief experiments in scoting
nylon screens, that the hydrophillic soot particles from acety-
lene smoke would serve 1n lieu of powdered sugar ror measure-
ments of drop size from aircraft,

Electronic techniques have becn developed in an attempt to
obtain continuous measurements of drop size in flight. Cooper
{1951) has used a balloon-horne instrument for telemetering
ralrdrep 3%ze., An instrument, similar in principle, has been
used i: France (Maulard; ]9515. in the United States a number
of repourts,udealing with bolh opticel and momentum devices, have
been issued on air-torne instrumentaticn®{ At the time of this
writing rew of these instruments have been put into use,

In Australia a raindrop spectrograph has been used to
obtain ccntinuous drop eize measurements at the ground (Bowen
and Devidson, 1951). This ingenious &nd relatively simple
technique permits & dlrect determination of rairdror size,

2, Haweg’ lan climate

As any study of this type shculd ve made with cognizence
of the influence of the local topographical and metecrological
conditions, a brief discussion of these factors end their
influence on Hawaiian rainfell will be given.

¥ The leteat wecrk on such devices may be fcund in the pro-
ceedings of the Third Redar Weatnor Conference, McGill Univer-
sity, Moatreal, 15-17 September 19%5z.

—————— e - o —
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The eight Haweilian Islends, some 2400 miles southwest of
Sen Frencisco, ere oriented northwest-southeast and extend
from a letitude of 19° to 22° Ncrth. The entire islend chain
1s lccated within tre Pecific northeast trades., These trades
ere charecterlsed by a temperature inversion with a modal ele-
vation of 6000 feet. Below the inversion the air is molst and
turbulent with an average lapse rate of 8.3 C per 10600 m, A3
one passes up through the inversion the alr becomes quite cry
and free from turbulence, Tho usual convective and orographic
clouds are normaily 1imited by the inversion, It is only on
the relatively infrequent occasions when the trade windc are
weak or subslde completely that the clouds remain over the
islands for a sufficient time to convectively build up to high
altitudes, As these conditions are so iInfrequent it has proved
difficult to properly evaluate the results of dry ice seeding
in Hawaiil (Leopold and Mordy, 1951).

A marked departure from tne normal trade wind weather 1s
Intrcduced by the passage of easterly waves in the trede wind
currcnt andéd by the Kona storm (Simpson, 1952). The Kona storms,
occurring perhaps 2-3 times during the winter and spring, &are
cyclonic =storms which develop to the northwest of lHawali, Dur-
ing the day or two of Kona-type weather hcavy rainfall is
experienced throughout the islanrds.

The topography of the 1slends i1s the major factor in the
formetion of the orogreph.c clouds, This is etfectively shown
In the L1sohyets of the annual rainfall, especially those of the
i1sland of Hewaiil (see Fig, 1). Strong isohytal gradients are
set up in criticael areas of trade wind flow, For example, note
the msrked increese in annual rainfall from sea level to s
point some 10 miles up the east flank of Mauna Kea, In this
distancs the ennual rainfell incresses oy 250 inches. A rapid
decrease of annual rainfall with altitude is found at higher
elevations, An explgnation for this rainfell maximum has been
given by Leopold (19L9), who attributes it to the splitting of
the trade winds by the huge voicanic ccnes, He states,
"Streamlines drawn in accordance with tihe oobserved splitting of
the trades by each ¢f Lhe two cones, Mauna Loa &and Mauna Kea,
would"converge directly over the observed zone of greatest rain-
fall,

3. Measurements c¢f 2rop size distribution

Prior to the field experiments, provision was nede to
obtain drop size measurements both with nylon screens and with
chemically treated Tilter pepers, In view of the d4ifliculties
encountered with the screens at high hLumiditios plus tkhe fact
that a low power microsccpe 1= assential for accurate delecmina-
tion ol the drop size the filter paper methoud was adopted. An
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objection to using filter papers is that the papers are senti-
tive to changes in relative humidity (Niederdorfer, 1932).

The writer found that this wes especlaliy true at K,4, > 70.
Inasmuch ¢s the measurements of drop sizes carried out in this
study were usually mede at some point within the cloud it
became necessary to store tne filter papers in such a manner
as to keep the R,h. €70, This was accomplished vy storing
the papers in a vertical position, 6 mm apart, in a box con-
taining several desiccating bags., Some L2 pepers could be
stored in this manner,.

Whatman #1 filter papers, dusted with methylene blue dye,
were held between two brass rings. These were exposed to the
rein, with the ala o a small aluminum cover and a stopwatch,
for any desired period of time, The exposure times, filter
number, time of day, and other pertinent meteorological infor-
mation were recorded with pencil on painted metal strips.

Data were recorded in this manncr in heavy rain and cloud with-
out any smesring whatever,

With the aid of a calibrated scale raindrop sizes were
read, in C,2 mm intervals, directly from the f{ilter papers,
This scale was designed from ¢ calibration curve constructed
from data cvtulned with weter drops of known sizs at terminal
velocity. The calculetion ?f the space distribution of the
drcp sizes, Np (m=2 0,2 mm~~), from the filter paper distribu-
tion ingolves a knowledge of the effective filter paper area
(252 cm?), time of exposure, drop count in each 0.2 rm size
intervel, and a representative terminal velocity for the drops
within each size interval., The terminal velocities used in
thiis work wWere thcse experimentally determined by Gunn and
Kinger (1949). A rapid rete of change of terminal velocity )
with drop diemeter 1s encountered with drops <0.2 mm aiameter™,
For this reason all computations of Np for drops < 0.2 mm are
subject to error, The mass of water represented by these drops
1s negligibly smell when compered to the total, Therefore,
computations of liquicd water content W and redsr reflectivity 2
ars, in mozt cases, 1little effected,

The intensity of rainfall R(mm hr-1) was computed from
the filter raper drop distribution., within eack 0.2 mm inter-
val en averege mass (myg) was determinad. This average mass
multiplied by the drop count in that rarticular interval defined
its contribution to the intensity. The writer realizes that
such a r.ethod of determining intensities may be subject to error
when the drop distributions ccntaining large drops {>3 mm) are

* Unless otherwise noted, all drop sizes in this paper will be
understood to be in mm diameter,

o S
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considered, Here the distribution of drops arriving at a hori-
zontal surfece is usually skewed, wiith a long tapering tail
reaching into the region of large drons, In this region the
distribution is often statistically inadequate and, as these
large drops represent the majority of the water, incorrect
intensities sre computed, This is not the case, however, with
the orographic rain of Hewaiil, The drop size distributions
heve low standerd deviations with the largest drops seldom
exceeding 2 mm,

The intensities computed from filter papers have been found
to agree reasonably well with those obtained with an 80 cm dia-
meter stainless steel funnel (see Fig. 2). With the aid of a
plywood cover and two flexible automobliie windshield wipers,
both mounted tc rctate arcund the inner surface of the funnel,
sufficient water for intensity calculations could be collected
in 10 To 200 seconds. On several occasions two such funnels
were used at the same location, The results were, as expected,
nearly identical, As shown in Figure 2, the average intensi-
ties as computed from funnel m2asurements vary considersaboly.
The near instantanecus intensities computed from filter papors
follow this trend probably as well as can be exrected,

4. Changes in drop size distribution in passage through the
sub-clcud layer

It appears that most, if not &ll; of the reindrop size
measurements reported in the literature were made at a con-
slderable distance below cloud level. The changes in the spa-
clel distribution of drops es they fall in tne sub-cloud air
can be considerable depending upon the fall distance, tempera-
ture end relative humidity, relative drop s=izes, and wind shear,
Trese effects were recognized many years ago (Bentley, 1904)
tut received little attention as few measurements were then
veing made of raindrop sizes. The measurements reported in this
paper, Wwith the exception of those mads in the thunderstorm &and
Kona storm (Samples 1:-30 »f Table 1) were obtained either at
cloud base or at some point within the cloud system, This was
mede possible by rosds wnich lea up to slevations of 10,000
feet on both Mauna Kea and Mauna Loa.

The effects of drop size distribution by the above-mentioned
factors will be briefly discussed,

{a) Wind shear and reletive fall velocities

If we at first consider the oversimplified case of zero
shear it becomes apparent that, due to the reletiv~ fall velo-
cities alone, large changes may occur in a spacial drop distri-
bution tetween cloud and ground level. For example, ccnsider a
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distribution at cloud level to contain drops ranging in sige
\ from 0,2 to 4 mm, With & cloud to ground distance of 2000 m
the 0,2 mm drops would arrive at the ground some 40 minutes
after the  mm drops with the intermediate drops arriving at
successively earlier times, At ground level the distribution
would be transient, not reeching the steady state until 40
minutes efter the arrival of the largest drops., Al the cnset
of naturgl ralns 1t 1s offten observed that larges drops precede
s the smaller ones by several minutes but seldom by times exceed-
; ing 10 minutes, This would suggest that either the drops ori-
ginated at different times or positions within the cloud or
that small drops evolved as a result of continual growth and
breskup of the larger drops.

s

"

If we now consider the usual case in which horizontal winds
increase With mltitude the problem becomes qulte complex, It
1s gpparent that in order to have drops of severaml =izes
erriving simultaneously at a given point on the ground it 1s
necessary that the large and small drops originate at different
levels within the cloud or else originate at the same level with
the smallest drops forming flrst. Both of these explanations
have been considered, with the former tentatively accepted, as
one explenation of observed drop distribution at the beginning
stages of a shower (Atlas and Plenck, 1952), However, regard-
less of which explanation 1s used it requires that the large
and small drops constituting the ground sample have their origin
at different locations within the cloud,

m.-)_«‘o( .
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(b) Eveporation of reindrops

: Recent experimental work (Kinzer and Gunn, 1951) on the

f evaporation of falling water drops has resulted in a table of
evaporetion rates, et seversl relative humidities, for drops

of varlous diameters, The writer has expressed this table in
functional form end combined 1t with an expression relating
terminel veloclty to drop diameter, The resulting differential
] squation was integrated to obtaln an equation relating drop

1 size and distance fallen. At a R.H, = 90 and an 1lsothermsal
atmosphere of 20°C, it wes found that smell drops can completely
evaporate in a fall of about 1000 m, For example, a 1.5 mm

: drop will eveporate tu only 1.2 mm in a fall of 2000 m while a
1 0.5 mm drop will evaeporate completely in a little over 1000 m,
It is interesting to note that these calculations agree rela-
tively well with the more detailed theoretical calculations of
Best (1952).

The celculations indicate that large changes in the drop
size distribution are to be expected amongst tlhie smellest drops,
= The evaporation of the small drops is serious in that it
deprives us of any knowledge of their distribvtion., Thils know-
ledge 1s extremely vital to the question of the mechanlsm of
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rain formation, as these drops represent the great majority
of the total drors present. The great difference in numbers
of sma’l ircos Ip rains from freezing and non-freezing clouds
1s pzinted out leter in the paper.

(c) Drop collision in the suo-cloud layer

As a direct consequence of thre differences in fall velo-
cities of the various sized drcps it i1s to be expected that
raindrop collisions iIn the sub-cloud layer will tend to modify
the distribution which exiated A% cloud base. Calculations of
these effects vlus those of evaporation have been made by
Rigby and Marshall (1952). They find that the collision effect
tends to incresse the number for large drovs while decreasing
it for the small ones. Evavoration effecis, on the other hand,
will tend to decrease the distribution at all sizes. On com-
bining both evaporation and collision effects they found that
the change In distribution for the larger drops was not as pro-
nounced as tnat caused by collision effects alone. The distri-
bution of the small drors, which was decreased by botn collision
and evaporation, naturally departed even more from its initial
state when both effects were considered. The general conclu-
sion arrived at by Rigby and Marshall was that tre basic form
of the drop size distribution would not te seriously effected
by any of the aforementioned factors. It might be added that
their work was based on distributions which extended into drops
of 3 mm., As a majority of the dropo distributions of orographic
rain from warm clouds have 50 per cent of the water contained
in drovs &1 mm it is to bz expected that evaporaticn effects
would be quite pronounced. In fact, the occurrence of virga,
the result of evavoration, 1s a most common event assoclated
with the warm clouds of Hawail.

-

—~

5. Ralndrop size distributions from clouds extending atove
the freezing level

On three different occasions drop size samplos were
obtalned in ralns whose origins most likely were assoclated
with 1ce crystal formation.

(a) Windward Mauna Kea

On 27 March 1952 raindron measurements were taken on the
northeast flank of Mauna Kea at an elevation of 7500 feet.
These are represanted Ly distributions #1-13 of Table 1. At
0630 the weather was a folliows: winds light and downslope,
temperature 6.3 C and a light drizzle falling from an overcast
which was solid only near the moutain. At about 0840 both
the drizzle and the wind Increased in intensity. Samole #2
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of Table 1,ras compared with #l, snows the change in the nature
of the drop distribution®. The absence of any drops over 1 mm
and the large numbers of drops <€0.5 mm in sample 1 are typical
of the distributions from non-freezing clouds. (See samples
31-113). The sudden increase in maximum drop size and corres-
ponding decrease in small drops, as indicated vy sample 2, was
shown by all subsequent measurements until 1412 and sample 10.
The change in distribution of sample 10 was no doubt associated
with a wind shift to east at 1,00 plus a lowering of cloud base
100 feet or more to the sampling position. At 1700 the winds
became very irreguiar and strong. The rain continued until
about 2100, At sunrise on March 28 it was observed that all of
Mauna Kea above the 10,000 foot level was covered with snow.

It was then realized that the rain of the previous day had pro-
bably originated as snow.

The pronounced change in drop distribution from sample 1
to sample 2 was accompanied by a marked change in the chloride
content of the rain. Chloride determinations on five rain
water samples taken between 0730 and 08,42 showed the expected
trend towards an inverse relationship between rain intensity
and chlcride content (Woodcock, 1952). During this time the
chloride concentration dropped from 20 to 0.4 ppm. From 0842
through 1802 twenty rain water samples were obteined. Although
the samples were obtained in intensities ranging from 1.6 to
13 mm hr-l the chloride concentration was never above 0.3 ppm.
Rain from the typical Hawailan orographic cloud usually has
clorides present in amounts from 2-50 ppm. The small amounts
found above indicate that relatively salt free high level ailr
and not orogravhically 1lifted salt laden air was responsible
for the precipitation.

tb) The Kona stormi:

Heavy and continuous rain fell throughout the day of 19
January 1952. For a period of some 20 hours the weather was
entirely dominsted by a Kona or ecyclonic storm. From 1031
through 1533 samples 14-22 were obtained at the Pineapple
Research Institute, Honolulu, T. H. The cloud base was esti-
mated at 200 feet. The temperature at 1200 was 20.7 C with a
wet bulb depression of 0.4 C. The winds were light with occa-
sional strong gusts.

# Hereafter in the paper all reference to Table 1 will be in
terms of the sample number only.

#% Kona is the Hawalian word for leeward. A kona storm approaches
from the leeward side of the islands, with respect to the trade
winds, hence its namse.
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The drop size measurements covered a wide range of inten-
sities, ranging from 1.8 to 127 mm hr™*. A few minutes after
sample 18 was taken the intensity rose from 127 to 242 mm hr-l,
This latter measurement was made with the 50 c¢cm diameter funnel.

(¢) The thunderstorm

On 11 February 1952 weak trade winas were indirectly res-
oonsible for the formation ¢f convection cumulus over tre island
of Oahu, T. H. By 1300, large cumulus were forming over the city
of Honolulu. Extreme vertical devtn was suggested by the Intense
darkening of tne cloud base. The first raln fell at 1352 and
continued on for about 35 minutes. During that time, sporadic
thunder was heard and small haii vellets we.« evortedst.

Eight droo size measurements (samoles 23-30) were cbtained.
Witn the exception of the first 3 measurements the drop distri-
buticn was, in general, similar to that found in the Kona storm.
Samnle 23, obtained 2 minutes after the start ¢f the rain, con-
tained no drops < 0.8 mm. A minute later at 1355, a few drcps
in the 0.5 mm range hac¢ arrived. At 1355 drops as small as 0.4
mm were oresent, although in small numbers. From 1401 on, all
samoles indicated the existence of drops €0.2 mm.

The drop distributionsof Figure 3 show tne gradual increase
of small drops with time. The two cashed lines are the distri-
bution functions of the Laws and Parsons (1943) data, as ore-
sented b{ Marshall and Palmer (1948), for intensities of 25 and
1l mm hr~*. Note how the transient is characterized by a nega-
tive slcoe, becoming increasingly positive with time. Sample 26
(R = 8.8 mm), the first to cnntain drops < 9.l mm, is the first
distribution that has a vronounced positive slove.

An explanation for tnis behavior is beset with many cri-
ticisms, arising mainliy from a lack of knowledge of the drop
distribution at clcud base. With an estimateu cloud te ground
alstance of 1000 m and & distribution of drops of all sizes
simultaneously starting their fall from cloua bace it is evi-
dent that the slower falling smualler drops will reach tue
ground some time after the large ones. Aporoximately 3 minutes
will elapse between the arrival of drops > 2.4 mm and taose of
0.5 ma. It is to pe noted that samole 23, taken two minutes
after the beginning of the rain, contsins no droos £ 0.8 mn.
Sudsequent sumvles, obtained 3 or 7ore minutes after the ini-
tial rain, contailn increasing numbers of drops £0.8 mm., Thus,
the time of apvearance of the 0.8 mm droos agrees with the

# According to newsnaner reports, hull was revorted several
miies from the samoling oosition.
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estimated time of 3 minutes. On the other hand, the drops £ 0.2

mm should not avvear until some 21 minutes after the initial
rain. Clearly tais is not the case. It is most likely that
the large and small drovs had their origin at different alti-
tudes or at the same altitude but at different times (see sec-
tion lja). The other alternative is that smailer drops are
being vproduced by droo disintegrations resulting from cclli-
sions and turbulence (Blanchard, 1950).

6. Liquid water content as a measure of tne drop distribution

It is not always ccnvenient to comoare two sets of rain
measurements by comoaring their drop size distributions. It
would be far more desiravle to reoresent a droo size distribu-
tion graonically by a single opoint. 0Jf course, sucnh a reore-
sentation would tell nothing of the total droo count m=3 but
it could indicate wnether tne distribution had a large or nar-
row srread.

This is essentially what is measured by tie liquid water
content W (mg m'3). For examvle, let us consider the hypothe-
tical distribution of 1 drop m=3. Tnis defines an intensity R
and a liquid water content W. Let thnis drop be split into two
equal sized smaller drovs. Although the liquid water content
is unchanged, the slower falling snaller droos lower the inten-
sity. One or more of these smsller drovs will, therefore,
have to be added to attain the original intensity. It is
anparent tnat thls process can be repeated indefinitely. At
esch sequence the intensity is hela constant bty adding droovs,
the 1iquid water content rises, and the droo distribution tends
toward smaller and more numerous drops.

The liguid water contents cf the droo size distritutions
of the three storms reoresented by samples 1-30 are shown in
Figure 4§ as a funct%og,of tne intensity R. The dashea line
is the locus W = 67K---+ (Best, 1950}, represeriting the mean
value of data obtained by other investigators. With the exceo-
tion of six voints the vresent data agrees reasonaoly well with
this locus. Note that tne three drop distributions from th
windward Mauna Kea rain representing intensities <2 mm hr~
have liquid water contents considerably higher tnun the locus
would suggest. This, of cowurse, implies a diop distribution
of relatively small 3pread and numerous droos. Reference to
samvles 1, 10, and 11 snow taat tnis is the case. In each of
those samoles, from 7000 to 17,000 drops m-3 are <« 0.4 mm.

The spread in droo distribution is about half that of the other
samoles.

The three anomalous tahunderstorm samples indicate the
opposite trend; that of a wide distritution coupied with a
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Samples 60-565 were obtained on 28 April 1952 at oposition 5.
It can be seen from Fig. 1 that this vosition would be well up
within the clouds. The cloud basse was at 2000 feet and the
elevation at vosition 5 was 5500 feet. _All but one of these
scmples are of intensities £ 0.2 mm hr-l. With the exception
of one sample the drops are all <0.4) mm with a majority £0.2
mm. hiz lerge number of small drops can give rise to an errcor
in ths ca’~ulated intensity. This probably explains the anoma-
lous distribution of the data.

On 5 May 1952 samples 66-73 were obtained at position_5
well within the cloud. The wind was upslops at 0.6 m sec™t.
The temperature was 10.8 C with a wet bulb of 10.7 C. The liquid
water content for samole 70 was abnormally high. A glance at
Table 1 shows that all drons in sample 70 were £ 0.2 mm and in
concentrations of 149,000 m-3. This is the highest concentra-
tion of drops £ 0.2 mm found in the present study.

On 29 April 1952 position 5 was at or near cloud top. At
1640 the cloud cover was broken with a fine mist being blown
from the dense c¢loud cover to windward. The temperature was
1.4 G with a wet bulb of 13 C. At 1725 the wind was steady
at 1.3 m sec-l, By 1740 the clouds moved in over the area with
a light drizzle which lasted throughout the time of =sampling.
From 1742 to 1909 samples 74-78 were collected. Although ths
intensity, as measured by the filter papers, reaches a maximum
of only 2.5 mm hr'l,a rain funnel measurement, obtained shortl
after %he last sample was taken, indicated an intensity of u.g
mm hr-i,

Simultaneous with the drop size distribution measurements
at position 5, rain intensity measurements were being made at
position . Twenty-six measurements from 1605 tc 1905 indicated
intensities ranging from 0.5 to 13.3 mm hr-1, During the entire
time the cloud base was approximately at the elevation of posi-
tion L. At 1708 the dry and wet bulb temperatures were 16.8 C
and 16.7 C and at 1818 both were 15.0 C.

(b) Raindrop distributions in a dissipating orographic
cloud

In some respects the drop size distributions obtained on
21 March 1952 are the most interesting. For they are measure-
ments not only made in a dissipating cloud syastem but they were
made at many points within the clioud system ranging from cloud
base to czloud top.

It will be well to hriefly discuss the topographical and
meteorological features of the area in which this cloud forms.
Examination of Fig. 1 immediately shows that the region of
position 7 has little pecssibility of being influenced by the
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trede wind flow &5 1s the region around positions 1-5. Leopcld
(1949) hes shown that the 1I:,000 foct low angle cones formed by
Mauna Kea and Mauna Loa are sufficient to split the trade wind
flow into two components, Apparently the inversion 1s suf-
ficlent to prevent the flow from rising over mountains extend-
ing up through the inversion. Leopold hLas stualed, in some
detall, the fcrmation of clouds in the lee of the 10,00C foot
cone of limleakala on the island of Maul, 1. E. He found that

a sea breeze was the dominant factor in the formation of the
afternoon orcgraphic clouds. In the late afternoon thiis sea
breeze gives way to a downslope land breeze, In many respects,
we may expect a somewhat similar mechanism of clcud formation
in the lee of Mauna Kea,

At 1645 on 21 March 1952 the writer wes at cloud base at
position 7 at an elevation of 3100 feet, The wind was nearly
dead calm send a light rain was falling. Sample 79 was taken
at this point. Samples 80-63 were taken at approximately 2
mile intervels up through the cloud. Fig. 7 indicates these
positions end shows the gradual uniform rise of tne slope anad
a schematic representation cf the cloud top positions at various
times, Note the vertical structure of the cloud edge. Its
1000 foct height is a visual estimate.

Semples 85-37 were taken on the first downward traverse,
During this time the cloud top was receding slowly and the drop
distrioution was shifting towsrd the small end, Thils trend in
the drop distribution continued auring the second upward tra-
verse as the remaining samples, 88 and £9, were taken. From
sample 86 on, a decrease was found in the number of drops in
the 0.3 mm size interval and, concurrently, a steady increase
in the drop count in the 0,1 mm size interval. In fact, the
increase of the numgeg ngdrops £ 0,2 mm is exponential, The
equation N = 4000 e 0715 can be used to express the number at
t minutes after the time of semple 86, 1803. Wwithin 15 minutes
after sample 85 the cloud was void of drops of sufficient size
to register on the fiiter paper. The apparent "drying out" of
this cloud waas by no means confined to these data. On other
occasions the writer hss boen in this cloud in the early cven-
ing and has experienced the decrease in size and eventual dis-
appearance of raindrops,

The liquid weter-intensity relationship (Fig. 8) shows a
fairly uniform trend with the exception of the last two samples,
The large increase in W associated with these is what would be
expected. Note that for the seme liquid water content of sample
89, a 17 fold increase in intensity would be required to fit
Best's {1950) results,

The existence of trade wind sadies in the lee of Mauna Kea
end high level eir flowing from eest to west through the Mauna
Kea-Meuna Loa seddle (Leopold, 1$49) makes it very difflicult to
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ascertaln the past histcry of the air in thils area. Woodcoci's
measurements have shown that significant differences in the
distributions cf air-borne salt particles are a function cf not
only wind velocities but, in some cases, of the topographlcal
features over which the alir flows. On 21 March 1952 the esti-
mated winds to windward of the island were Beaufort force y-5,.
At such speeds the concentrations of air-borne salt particles
at _cloud base would be of the order of 6000-10,000 part’:les
m-3 between 10° and 104 ’»g&. The equilibrium alameters of salt
partlicles of 102 end 10k A& at an R,H., of 99 per cent are 22
and 102 microns, respectively. And yet, on this particular day,
measurements obtained from aircraft just below cloud base to
leeward from Mauna Kea falled to snow the existence of any salt
particles > 102 mug. Ordinarily thls would be typlcal of air
only above the Inveraion. Whether the explanaticn is that this
alr 1s high level air which has flowed down the mountain during
the night, or whether 1t represents salt depleted alr which has
passed through the saddle area from clouds on the windward side
of the islend, the writer cannot say. It is appasrent, however,
that the presence cr absence of these lerge sslt particles
should profoundly effect the rain producing characteristics of
the clouds,

It may well be that the rain of 21 March 1952 came from a
cloud which had formed in air of low salt particle and condensa-
ticn nuclel concentration. 1t 1s suggested that supersaturation
may occur and the growth oI the sparse populatlion ol c¢i.ucd drop-
lets may be by condensation processes only.

Three days later, on 25 March 1952, samples 90-93 were taken
at the 5500 foot level. In Fiﬁ 8 and Table 1, the difference
in the characteristica of the "lee-side" distribution is obvious.
A scarcity of droplets exists in the first two size intervals,
As no alrcraft salt measurements were made on thls day 1t is
impossible to tell if the selt particle distrioution recsembled

SN

tnat of 21 March,
(c) Drop distributions at cloud top and base

On 1 May 1952 a seriec of 10 drop distribution measurements,
samples 9u-103, were obtainea at c¢loud base, an intermedlate
point, and near the cloud top. These are positions 1, 2, and 3
on Fig. 1 with elevations of 2200, 3400, end 4000 feet, respec-
tively. Samples 94-96, obtalned at position 1, contain some of
the largest drops found in orographic rain. Samples 97-10C were
obtatned at position 2., 6.6 miles upslope from rosition 1. The
remaining samples were obtained at position 3, 8.8 miles upslope
from position 1, At position 3, near cloud tcp, 2 greal increase
in numbers of drops between 0,2 and 0,6 mm was found. Filg., 9
shows the difference in drop distributicn at the three positions
expressed in terms of the liquld water content.

Sy
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On 4 May 1952, samples 10l;-113 were obtained at positions
1 end 3, At 1730 et position 3 voth wet ancd dry bulb readings
were 13,4 C, 4 difference in drop distribution between the two
positions 1s 1llustrated in Filg. 9. This difference becomes
numerically clear by inspection of Table 1, The large numbers
of drops € 0,4 mm i1s sufficient to cause a nigh liqula wuter
centent,

8. The median volume diameter as a function of rain intensity

Many cf the data of Table 1 have been expressed in Fig. 10
in terms of medien volume dlameter. The medlan volume diameter
is that diemeter which divides the drop distribution into two
parts such thet each represents half of the liguld watcr centent
W, It 1s obtalined by plnttine a cumulative per cent curve of
the liquid water corntent, The percentage corresponding to any
drop diemeter is the percentage cf the total liqulid water con-
tent conteined in the drups <« the drop 1In question, The drop
diemeter at the SU per cent ordinete 1s, therefore, the median
drop diameter,

In addition to the data from the Hawailan orographic rains,
data from non-orographic rains (samples 1-30 ana drop distri-
butions obtained at Woods Hole, Massachusetts) have been included.
The median dlameters of the non-orographlic samples alone show
considerable spread at all intensitles. Considering the dif-
ferences 1n the synoptic situatlon represented by each of the
rains this spread i1s to be expected. with the exception of four
of the samples from the Mauna Kea and Woods liole data, all the
medlian dlameters greatly exceea those found !n orographic rains
of the same Intensity. Note that the three Mauna Kee samples
(1, 1o, 11, Table 1) which fall into the orographic grouping
have drop distributions representative ¢f orographic rains,

The so0lid line was drawn from the data of Laws and Parsons
(1943) and the dashed line from the data of Anderson (1948).
Laws and Parsons used the flour technique for drop size sampling
(Bentley, 190L) and calculated the intensity of rainfall from
the exposures, area, end drop distribution of the sample., All
of their rain semples were obtained et ground level at Washington,
D, C,

Anderson®s results are extremely interesting in that they
were taken on the islend of Hawall in the vicinity of position L
(Fig, 1), Some 60 samples were obtained with the blotting paper
method cver e period of 5 hours. The disagreement of Anderson's
data with the present data and the relatively good fit with
thet of LeWws and Parsons suggests that his sampling was iIn a
perticular rain not representative of the general lLswallan rains.
Or the 60 samples, only 3 were taken at Intensities <2 mm hr-
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and none at intensities <€ 2.5 mm hr-l, Anderson states: that
the rain appeared to be orogrephic in nature and wes accom-
panied by 1light winds, It is possible, however, that this
rein was similar in orig!n to that of samples 1-13, evolving
from snow from high le¢vel supercocled ciouds, From a meteoro-
logical point of view this was quite possible. Anderson's
work was carrioc out on 16 March 1945, the seme time of the
ycar as samples 1-13, JNDuring the winter months and extending
through March it is not an !nfrequent occurrence to have rain
of this nature,

The quartile deviation Tor orographic rain, a measure of
the spread of the liquid water content, is considerably lower
then that reported by Anderson., The present data indicates
velues ranging from 0,01 to 0.15 as compared to Anaerson's
measyrements of 0,1 to 0,8, The writer finds, as did Ancderson,
thet the quartile deviation 1s roughly proportional to the
medien diameter, Thia, of courss, implies a decreasing slope
of the cumulative per cent curve petween the first and third
quertiles with increasing mecian diemeter, According to
Anderson this i1s contrary to the cumulative per cent curves of
Laws and Persons which sho# a nearly constant slope between the
first and third quartiles at ell medlan diameters,

9. Radar reflectivity

The success of radar in determining the intensity of pre-
cipitetion is dependent on a knowledge of the size distribution
of the precipitation elements, The pcwer received at a radar
from a, railn target 1s proportional to the ragar reflectivity
Z = ND® 6D where N is the number of drops m~2 of diameter D in
the sige interval 6 D, It is apparent that the sixth power of
the diemeter fecter ellcws the relatively few large drops to

greatly influence the redar reflcctivity.

Wexler (1948) and Marshall and Palmer (1948) have computed,
from their own deta end that of other investigators, the rela-
tionship between Z and rain intensity R. Recently, similar
reletionships have been found to hold for various spectrums of
cloud droplets (Atlas and Boucher, 1952). Marshall end Gunn
(1952) report that the Z versus R reletion has been found to be
interchangesble for rein end snow., Thet 1s, for equel rates of
precipitetion, whether rein or snow, they obtain the same velues
of Z. Viggs (1952) hes presented the results of < celculetions
mede ir. Lustrelie. HHe points cut that, for £ given intensity,
the drop size distribution may vary considerably. This, of
course implies a corresponding varietion in Z. Higgs has

3> Private ccmmunicetion,
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presented a llst of Z-R equations obtained by meny investigators
at widely separated localities. Considerable cisagreement exists
in thes& equations. They range from Z = 23,5R2.028 to Z =
1600R1-4, "The Australien results alone indicate that the rain
intensity, as deduced by redar, may be in error by a factor as
great as I to 1.

These variations in the Z-R equations are not surprising.
They undoubtedly represent rains whose origins lie in snow pro-
ducing clouds, non-freezing cumuliform clouds, and orographic
tvype clouds. Further verietions are probably introduced by the
evaporation and collision of drops in the sub-cloud region (see
section i4). Fig. 11 shows how the Hawaii date alone varies in
Z for e given R. The Z-R relationship for semples 1-30, the
non-orogrephic reins, most neerly corresponds with that of other
workers, The regression line shown was not drawn on the basis
of these date. It represents the least squares regression of
563 rain samples, both from continuous and shower-type rain,
teken st Cambridge, Massachusetts (Mt. Washington Observatory,
1951). A least squares fit has not been determined for the 3
types of rain represented by samples 1-30 but, excluding semples
1 end 10, it would probebly egree closely with the Mt, Washington
curve, Samples 1 and 10, as seen by Table 1 and discussed in
section 5a, are representative of orographic rain and would,
therefore, show relatively low values of Z,

The Hawaiian orographic rains of low intensity ( € 2 mm
hr-1l), as compared with the non-orographic rains, may give lower
values of Z by as much as a factor of 30¥, At intensities > 10
mm hr-1l a factor of from l;-10 is found. Inasmuch as day by day
variations exist it is not felt necessary to present any least
square fits, However, it can be easily seen from inspection of
Fig. X1 that the coefficient in the Z-R eguation will be from
10 to 100, considerasbly lower than those found elsewhere, The
data of 1 May 1952, obtained at 3 different positions within the
cloud, illustrates the small but noticesble difference in Z in
various parts of the cloud.

If the type of rain, i.e., thunderstorm, frontal, oro-
grephic, is not known a large error may be made in determining
R by redsr, In egreement with the Australien findings the error
mey be as lerge as a fector of L,

# A factor of 15 is probably the usuael case., The factor of 30
was based on the 5 May 1952 date, obtained near the cloud top.
Only in the case of a subsiding cloud (samples 79-89) would one
expect to find such a drop distribution at cloud base.
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Summary and conclusion

A given drop size distribution can be modified by wind
shear, relative falil amongst the drops, evaporation, and
drop coalescence, in the fall from cloud to ground.
Although some of these ractors are at work within the

cloud itself it is csrtain that drop size sampling at the
cloud base will minimize the errors contributed by these
factors, The eveporetion will be most important, especially
in the case of the semi-tropical orographic rains dis-
cussed in the present study. In these rains the many thou-
sands of drops m-3 { 0.5 mm that are normally present may
eveporate completely in a sub-cloud fall of 1000 meters.
This evaporation was eliminated in the present work by
obtalning the orographic drop distributions on the sides

of the volcanoes of the islend of Hawail at cloud base or
within the cloud itself,

Drop distributions have been obtained in rein beginning
gs snow in freezing clouds. Tne differences in drop dis-
tribution, liquid water content, median volume diameter,
end redar reflectivity from that of orographic rains is
apparent from Table 1 and Fig. L-11,

The liquid water ccntent W has been used as a measure of
the drop distribution. A wide distribution with relatively
few drops, both large and small, will give a lower value

of W, for the seme intensity, as will a narrow distribu-
tion composed of many small drops., W-R relationships for
non-orographic rains have been found to agree reasonably
well with that of Best (1950]).

The distribution of raindrops in semi-tropical orographic
clouds is decidedly different from those presented in the
literature., The maximum drop size seldom exceeds 2 mm

and concentrations of drops { 0.5 mm often exceeds 25,000
m-3, It seems probable that these drops evolve first by
condensation on lerge air-borne salt particles and then by
accretionel processes with the numerous cloud droplets.

The reindrop distribution near the tcp of orographic clouds
is concentreted at the small end of the spectrum., The
eppearsnce of drops ) 0,6 mm is exceptional.

Tre medien volume diameter, the drop diamster at which

the total volume of water m-3 is divided equally, has been
used as a measure of the intensity of rainfall, For a
given intensity in an orogrephic rain the median volume
diameter is about helf that found in thunderstorm and
frontal type rains,
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5. The radar reflectivity Z in an orographic rain is e factor
of 10-20 less than that found in thunderstorm type rains.
Variaticns in Z have been found in orographlec rain from
day to day.
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